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Abstract. The development of a set of stable  implosions using  indirectly  driven  plastic 
microspheres with argon (0. latrn) doped  deuterium (50  atm) has provided a unique source for 
testing the plasma spectroscopy of the high energy  density imploded core. The core reaches 
electron  densities of > with temperatures of - 1 keV and has been shown to be 
reproducible on a shot to shot basis. Moreover, i t  has been shown that not only the peak 
temperature and density  are  consistent, but that the temporal evolution of the mean temperature 
and density of the final phase of the implosion is also reproducible. 

These imploding cores provide a unique opportunity to test aspects of plasma spectroscopy that 
are difficult to study in other plasmas and to develop methods t o  test stable hydrodynamics. We 
will present experimental results and discuss  spectroscopic analysis  algorithms to determine 
consistent temperature and density fits to determine gradients i n  the plasma. 

INTRODUCTION 

In hot dense plasmas  created in high-powered laser experiments, spectroscopy 
has been a very powerful  tool for diagnosing the plasmas. In  the  simplest 
application, the mere presence of line  emission is used to identify ion species. 
The electron temperature or density may be determined by techniques  such as 
measuring the ratio of different  spectral  lines i f  a suitable plasma kinetics model 
can be constructed. Or using line broadening  theories, electron densities or ionic 
temperatures can be deduced by analyzing line  widths.  With the ability to use 
more complex atomic models and kinetics togetller with ;L detailed  analysis of a 
line shape, we have recently shown that  we can provide  time-resolved 
measurements of a rapidly compressed plasma i n  a n  imploding target [ 13. 

In this  paper we discuss  bringing together spectroscopic techniques with the 
goal of measuring plasma gradients.  This I-quires high resolution of the line 
shape, the development of specialized nlorlocllro~natic  instruments, as well ;IS new 
algorithms for reducing the data. The chi1llengc is t o  develop spectroscopic 



analysis that is robust enough to determine  the  temporally-evolving  temperature 
and density  gradients  without  the use of hydrodynamic  calculations.  This is 
possible because we can use the results of multiple  spectroscopic  techniques and 
impose a constraint in the fitting  routine  that  requires  a  self-consistent f i t  of 
spatially-averaged and spatially-resolved data.  Gradients measured in this way 
can then be compared to simulations that predict target implosions. 

In a previous  proceedings  of  this  conference we discussed  the  competing 
factors  such as the  experimental  resolution  and  uncertainties in atomic  data that 
impact  line  shape  measurements in laser-produced  plasmas [2j. Here, we will 
reexamine  the argon implosions  and  discuss  the  emissivity of the  line  shape in 
order  to better  diagnose  plasmas  formed in the  implosion  core of an  inertial 
confinement  fusion target. 

PLASMA CONDITIONS IN IMPLOSIONS 

In fusion  experiments, an imploding  capsule  emits  radiation  during  its 
compression. In a typical experiment,  highly-ionized  atoms are in emission and 
multiple  ionization  states  are  present. Thus, the  emission  from the plasmas is in 
the x-ray regime. Unlike line  shapes from neutral  species,  these line shapes are 
primarily  due  to a single  transition  with  underlying  satellite  lines, and not to 
different  rotational or vibrational states of an atom. The emitted X-rays are 
analyzed  to  determine the density  and  temperature of the  cornpressed  plasma. 
Time-dependent  data  is  critical to diagnosing the plasma since the implosion takes 
place in a nanosecond time frame. Many  diagnostics can be fielded on implosion 
experiments. For instance, neutron diagnostics  can monitor ignition while pinhole 
imaging  can  give  information  about  the  density.  However, here we focus on the 
spectral line shape. 

An important reason for focusing  our efforts on these plasmas is that once the 
plasma  gradients are measured, the compressed  plasma  can  become a testbed to 
advance  line  shape  theory.  These  plasmas  are of interest  because they attain 
extreme  temperature  and density regimes. An example of p-T trajectories of the 
main fuel in laser-produced  implosions is shown in Fig. 1. It is similar to the plot 
in by Van Horn [3] that shows the regimes of astrophysical  importance for 
hydrogen. In laser fusion, the fuel is composed of deuterium and tritium.  These 
experiments are typically  performed  with a gas fill of 50 atmospheres of 
deuterium. As in the Van Horn  article.  we show two curves that delineate the 
regimes of interest to these  plasmas.  The  dotted-dashed  curve  shows where the 
Fermi  energy equals the thermal energy in the plasma. To the left of the curve 
plasmas are degenerate. The dashed  curve  delineates where the strong coupling 
parameter, r, equals 1. This parameter is defined as the ratio of the CouIombic 
energy  to the thermal  energy  and to the left of the curve. r > I ,  meaning  the 
Coulombic energy dominates. 

The two solid lines are trajectories of typical  laser-produced  implosions that 
were produced on the Nova laser. The thick solid line represents a trajectory for a 
I-ns square  laser pulse [4]. The thin sold line is ;1 curve for ;I shaped 1.7 ns laser 
drive often used in high convergence  esperiments  similar t o  those  described by 
Landen  et a1.[53. Pulse  shaping is used t o  drive an implosion  with a more 
isentropic  and thus more efficient compression. The Ilwl  i n  Nova capsules starts 
;is gas and moves left to right along the trajectory u n t i l  the capsule achieves 



peak compression.  After  that  point i t  cools and the fuel  moves along the 
trajectory to the left, back to lower  temperatures.  Both of these  implosions have 
been produced  at  the Nova laser  facility at Lawrence  Livermore  NationaI 
Laboratory and show the range of compression we can  achieve with this laser. 
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represent implosions that have been performed on the Nova laser. The dashed line is 
for r = I and the dotted-dashed line is for E = kT. The dotted line is a prediction for 
a fuel in future experiments on the National Ignition Facility. 

For comparison, the dotted  trajectory is predicted for the future National 
Ignition Facility, NIF [ 4 ] .  For NIF experiments  cryogenic  target  capability is 
planned so the fuel can  start  at solid density.  The NIF capsule spends a 
significant  portion of its  time Fermi degenerate. Remaining degenerate is 
advantageous  because it helps  increase the compression. Thus the resulting NIF 
trajectory is qualitatively  different from the Nova trajectories because after the 
capsule achieves peak compression it can then achieve burn. Burn is graphically 
visible on the p-T plot  where  the  fuel  remains  at high density  after  peak 
compression and its trajectory moves to the right ;is i t  shoots up i n  temperature. 
At later time the  fuel  cools and the trajectory drops i n  both  density  and 
temperature. The temporal  duration of these experiments is implicit in the 
trajectories;  the  fuel begins at  the leftmost, lowest temperature  point of the 
trajectory and generally moves diagonally to the upper right. The full trajectory 
represents - 2-4 ns for the ~ \ ~ O V L I  experiments ~111d - 20 ns for NIF trajectories. 

These exotic  conditions C ~ I I  produce plasma effects that are difficult to 
produce by other laboratory methods. One t.sample is the effcct o f  ion dynamics 



on the  line widths. These can be predicted by line  shape  theories, but 
measurements of the effect have been hampered by plasma gradients. 

IMPLOSION EXPERIMENTS 

The  baseline  experiments on implosions  using a 1-ns  Nova  laser  drive have 
been reported in previous papers [ 1,7]. These have  discussed various aspects of 
the  experiments  such as the spectroscopic  diagnostic  development, temporal 
temperature  and  density  measurements, and line  shape  measurements. In this 
section  we  emphasize  the  control on experimental  details  that  lead to highly 
reproducible  data.  Furthermore  since  the  initial  conditions of targets  and 
irradiation  conditions are easily  controlled, it possible to perform a  systematic 
study of plasma effects. 

The targets consist of two parts: the  hohlraum  and the capsule. A schematic is 
shown in figure 2.  The hohlraurn is a cylindrical Au can that  is 25 pm thick, 
1.6 mm in diameter, and 2.55 mrn long. It converts laser energy that is deposited 
on the inside  walls to x-rays, which then heat the capsule.  The  hohlraum  concept 
has  been  the  subject of many articles  that  have  explored  different  geometries  and 
scaling  laws  that  describe  the  heating 18, 9, IO]. In these  experiments,  the 
hohlraum  is  heated by a constant  flux  laser  pulse  and  therefore the  radiation 
temperature  increases as a function of time. The radiation  field is measured for 
each  experiment  and is often  described by a single  number,  its  effective 
blackbody  temperature, T,. In these  experiments,  approximately 20 kf of laser 
energy is delivered  in a 1-ns flat-top  pulse  shape  at a wavelength of 0.35 ym 
through  holes in the endcaps to produce  a  nearly  Planckian  radiation  drive, A 
peak T, of - 210 eV is  observed at the end of the 1 ns drive. The single parameter 
T, is useful to characterize the temporal energy deDosition. 

Hohlraum target 

I 

Capsule 

\ 

Fuel: 50 atrn D, i- 0.12 atrn Ar 



The  capsule itself is composed or a CH she11 filled with gas that has been 
diffused  inside.  The  shell has a 550 pm outer diameter and a 440 pm inner 
diameter. Figure 2 shows a wedge-shaped  slice of the spherical  capsule with its 
different  layers  identified.  Capsule  fabrication is tightly  controlled  because 
defect-free  capsules  are  necessary  for  producing  symmetric  implosions. The 
capsule-to-capsule radial variation is typically  kept less than 5% and can be even 
more stringent if necessary. The typical tolerances for the CH shell itself are 20 
prn on the inner diameter and 2-3 pm in the centering of the  gas-filled cavity. 

Micro-machining  and  precision  assembly are used to insert  the  capsule  into 
the center of the  hohlraum.  First  the  cylindrical  hohlraum is physically cut in 
half,  perpendicular to its axis.  Then the capsule  is  sandwiched  between two CH 
membranes  and  suspended in the center of the  inner  side of the  split  hohlraum, 
The other half is then repositioned and the  hohlraum is glued  back together with 
the capsule centered at the mid-plane. The thin  seam  where  the CH membrane is 
located is visible  but  does  not  cause an  observable  impact  on the  capsule 
implosion. The radial and axial  centering with respect to the hohlraum body can 
both be controlled to within 25 pm by this fabrication method. 

The  implosion  dynamics  can  generally be described by a rocket equation 
where the outside  shell of the  capsule  acts as an ablator and the  ablation pressure 
propels the shell inward [9 and  references  therein]. This ako  launches  a  shock 
that  propagates  radially  inwards. At the  center, the  shell  converges  and  the 
kinetic energy is  converted  into  thermal  energy. For most inertial  confinement 
fusion  schemes,  bum is ideally initiated in a hot spot at the center.  Therefore, the 
most efficient type of implosion  keeps the fuel on as low an isentrope as possible 
in order to minimize  heating of the fuel  and  maximize Compression. At 
stagnation, or maximum  compression,  the  capsule is isobaric. 

X-RAY SPECTROSCOPY 

The  capsules for these  experiments  are  filled  with 50 atmospheres of 
deuterium  and 0.1 atmospheres of Ar. The  Ar  serves as a  dopant  to  provide 
spectral lines that  can be diagnosed by time-dependent spectroscopy and imaging. 
The optical depth of a  line, z, , at line  center, is given by, 

where  FA^ is  the Ar number by ion fraction, F H ~  is the fraction of Ar ions in the 
He-like ionization state (approximately 0 3 ,  n, Rf is the peak areal mass density, 
and &, is the emission  profile  at line center.  The  quantity in the square brackets is 
the peak absorption cross-section at line center and its value is 2 . 3 ~  10-19 cm2 for 
Ar He p and 2.9~10 - I 9  cm3  for Ar Ly p. The  optical  depth is approximately 0.2 at 
peak compression when the pea: areal mass density, measured from secondary D- 
D neutron  yield, is -5 mg/cm-. Hydrodynamic simulations  indicate that the 
implosion  dynamics are not significantly altered by varying the Ar concentration 
from 0.0 to 0.2 atomic-% . Therefore, in those experiments the dopant is a non- 
perturbative diagnostic. 
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FIGURE 3. Experimental data of the He p line (shown by circles)  compared to 
calcuIations  (solid line). Both the line width and the ratio of the He p to its satellites 
are used to diagnose core-averaged temperatures and densities. 

The  spectroscopic  instruments  are  low and high resolution  spectrometers 
which  record  the Ar K-shell emission.  The  paper by Woolsey et al. [7] gives 
detail on the full complement of diagnostics and data analysis. For convenience, 
we repeat the spectroscopic  details  important  to the foundation for these  studies. 
An example of the  data  from  the  flat RAP Bragg crystal that was coupled to an 
x-ray  streak  camera is shown in figure 3. It was aligned for a spectral  range of 
2.7A to 4.281 with a spectral resolving-power of 500 over the Ar K-shell y1 = 1-3 
transitions  lines of interest. The same line  shape was also obtained with a spectral 
resolution of 1800. On the figure the  line width and  ratio which were used for ne 
and  Te diagnostics  are  indicated. 

The reduced  data for temperature  and  density  measurements  are shown in 
figure 4. On the  left,  the ne time  histories  from  five implosion experiments  are 
plotted  where  each  symbol  represents a different  experiment. Also shown is the 
result from the HYADES simulation [ 101 of the half-mass point ne time history 
represented by the  solid  line  curve. The code was run with an ideal gas equation 
of state  and non-LTE average atom physics to model the fuel. The ne are 
extracted by measuring the half-width at half-maximum (HWHM) of the blue side 
of the He p. The  core  diameter measured by x-ray pinhole imaging was - 50 pm, 
which represents a  compression of approximately 8 from its ini t ia l  diameter. 

The temperature  measurements  are also shown in figure 4 and are derived 
from fitting  the  He p resonance  line  and its Li-like  satellites  on the long 
wavelength  side.  Over 1.4 to 1.7 ns after the start of the laser pulse, the 
temperatures  range  from 800 to 1000 eV with ;I much wider spread than the 
electron density measurements. Here the 1-D hydrodynamic simulation provides 
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FIGURE 4. The measured ne and T, compared to I-D HYADES calculations. The 
solid line represents  the 50 % mass point, the dotted lines show the 30% mass point 
and the fuel-CH interface. 

insight  into  the  measured  temperature  spread  because  it  reveals  a  significant 
temperature  gradient in the  fuel. The time  histories of three zones in the 
imploding D2/Ar simulations  are  overplotted in the figure:  a  point  at the inner 
30% of the mass, the 50% mass  point,  and  the  outer zone point near the D2/Ar - 
CH interface.  The three curves show that  the  simulations  predict a large 
temperature  gradient  early in the  implosion with more modest  gradients  at  the 
peak density. 

In  summary,  these  experiments  provide  high  quality  time-resolved 
spectroscopic  data.  For ICF, the  core-averaged Te and Ne measurements have 
helped  tune  the  design of inertial  confinement fusion targets to improve the 
implosion. 

SPATIALLY-RESOLVED PLASMA PARAMETERS 

However, as noted  before, burn of the  fuel  initiates at the  center of the 
capsule.  One-dimensional  calculations of the 1-ns laser  pulse case predict a 
temperature  gradient,  which peaks at  the center where  the  fusion  process is 
initiated.  Unfortunately,  due  to  electron  broadening  and  changing  satellite 
contributions  underneath  the primary n=3- 1 transition, the spatially-averaged line 
shape is not  sensitive  to  different  gradients. To illustrate  the effect of the 
gradient,  figure 5 shows  three pairs of ne and Te gradients as a function of spatial 
zones [ l  I]. Zone  zero  corresponds  to the center of the imploding  capsule. For 
three  idealized  temperature-density  combinations, the spatially-averaged line 
shapes are virtually  the same. Therefore, to more closely understand and tune 
implosion dynamics,  this  core-averaged  data is inadequate. 



FIGURE 5. Sample temperature and density  profiles used to assess the sensitivity 
of the line shape and the emissivity to plasma gradients. The line shape is calculated 
for the pair of ne and T, given by the solid, short dashed or tong dashed gradients. 
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FIGURE 6. Emissivity calculated for the different gradients shown i n  figure 5 .  

However, it is possible  to  sample a frequency range of the line shape that is 
narrower than the full line  shape. We find that for ;i judicious selection on the 
blue wing where  there are fewer satellite  contributions, calculations of the 
emissivity using the same gradients are not the same. Figure 6 clearly  shows that 
the emissivity profiles can  differentate between the plasma gradients. 

The most straightforward way to obtain spatially-resolved data is  to field a 
streaked x-ray pinhoie camera. This provides data which is spatially-resolved in 
one  dimension and temporally-resolved in  the other dinuxsion. However,  the 
bandpass of this  instrument is fairly broad since i t  is determined by cold K-edge 
filters. A more  sophisticated instrunlent would be ;I spatially-resolving 
spectrometer, For both types of instruments. the data f r o m  imploding cores must 



be Abel inverted to obtain  emissivity 8s a function of the  radius of the core, 
However,  to  compensate for the reflectivities 'of Bragg  crystals, the source must 
be sufficiently  bright  to be successful with a spectrometer. 

We have  performed a sensitivity check to determine  the  feasibility and 
necessity of using a spatially-resolving  spectrometer [ 121. In these tests we 
compared  data from both  kinds of instruments.  Abel  inversions of 
monochromatic  data show radial  emissivity  peaked  at the center  for  the 
monochromatic  images of the  He p line taken near the peak of the implosion at 1.5 
ns and 1.7 ns. However,  the  K-shell  emission from the streaked  pinhole camera 
produces an emissivity  that  peaks at the  outer  radius.  Thus for self-consistent  fits 
of averaged  data  involving  the He p line,  the  Abel  inversion of the  group of K- 
shell  lines, will not be sufficiently  accurate  for  detailed  cross-correlations.  These 
results  emphasize the need for a high resolution  monochromatic  instrument  that is 
tailored  for a narrow spectral bandpass. 

Therefore, we are currently  developing a new diagnostic to obtain  spatially- 
resolved  core  emission at high  magnification.  Since the He p line is typically 30 
mA in width,  it is wide enough  to use Bragg crystals to obtain monochromatic 
images of the  blue  side of the  line,  free  from sateIIite emission. Our goal is  to 
obtain emission as a function of space, x, over a bandwidth of 10 Illpl. 

t. 
radius 



Finally,  however, even with spatialIy-resolved  data, it is still  a  challenge  to 
determine the plasma  gradients.  Analysis  requires that the radiation  transport 
equation be solved  self-consistently with the  kinetics  equations for the  emitting 
ion level populations. In order to  solve  this  problem, we have  turned to artificial 
intelligence  search  algorithms [ 13,141. FoGnately, the  field of evolutionary 
computations  has  developed  genetic  algorithms,  which  are based on  Darwin's 
evolutionary theory. These  algorithms  are  well-suited to solve  problems  whose 
solutions are difficult to find, but easy  to  check. To implement  this  algorithm, the 
first  step  is to define a search  space of solutions.  Then  we  choose  the  criteria for 
the  fit and look for the  solutions by finding  an  extremum in the  search  space. 
Initially only a single  criterion  could  determine  the  fit.  However,  the 
development of "Niched Pareto"  genetic  algorithms  expanded  their application to 
problems that could be solved by finding a family of solutions  which  are  subject 
to multiple criteria. Consequently, the advances in evolutionary computations  are 
now being applied domains  outside of biology. 

In our  problem of finding self-consistent  gradients, we  define a  search  space 
of T&) and Ne(r) subject to the  constraint  that the time  averages  match  the  data. 

' The proper weighting for the spatial  averages is by the emissivity. The criteria for 
the fit are that we match the core-averaged I(v) and the emissivity &(r). We then 
examine the set of solutions to maximize  the  fitness of the  solution. The 
uniqueness of the solution is  determined by its convergence to the space-averaged 
temperature  and  density.  This process is  schematically  illustrated in figure 7. 
This  spatially-resolved  data,  coupled with core-averaged  measurements,  can then 
be  used  to  determine a self-consistent  radial  profile of the plasma  gradients  at 
each instant in time. 

CONCLUSIONS 

Laser-driven  implosion  experiments  produce unique plasmas at high energy 
densities. Experimental techniques and target fabrication are well-developed and 
produce  extremely  reproducible  high  quality  data.  Previous  experiments  have 
shown  that we can  use  purely  spectroscopic  techniques to diagnose  the 
temperature and density of an imploding  core. 

The next step is  to  measure  the  plasma  gradients. This requires a new 
instrument that provides spatially-resolved  monochromatic  images.  This  data can 
be Abel inverted  to  provide  emissivity as a function of radius in the core. Then 
by using spatially-resolved  and  spatially-averaged  spectroscopic data,  genetic 
algorithms can be used to solve  for the gradients by requiring self-consistent  fits. 
Work is3 now underway to build an imaging  spectrograph that has a bandpass of 
- 10 rnA to measure the He p emissivity. 

In summary,  measurements of the gradients can be used to test the accuracy of 
large-scale  integrated  calculations. As experiments  have  gotten  more 
sophisticated,  we  can  move  beyond just diagnosing plasma temperature and 
density. Now we can actually  start to use spectral fine shapes to benchmark the 
hydrodynamic  calculations. Moreover, diagnosing. gradients moves us a step 
closer to turning implosion plasmas into tcstbeds for llne shape theory. 
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